Mössbauer Effect, Cluster Orbital Theory, Ferredoxin, Clostridium pasteurianum A cluster orbital theory is developed, which allows the calculation of Mössbauer spectra of oxidized and reduced ferredoxin of Clostridium pasteurianum under the conditions of low tempera ture (4.2 K) and high external magnetic field (H ex > I T ) . The calculations are based on the symmetry properties of the problem and the way in which these symmetries are reflected in the (iron)4-sulfur cluster wave function. The assumed cubic Td symmetry of the cluster implies an isotropic interaction with the applied external magnetic field, where the average g-tensor is taken to be g -1.944 in accordance with ESR results. The magnetic hyperfine interaction of the cluster electrons with the magnetic dipole moments of the iron nuclei is defined by two parameters x and Q reflecting trigonal point symmetry C3V of each iron site. These parameters are determined by a least squares fit of the experimental Mössbauer spectrum of reduced ferredoxin at 4.2 K and •^ext = 2T. In correspondence with the theory, x and Q have been proved to be independent of H ext. Despite neglecting small deviations from Td and C3V point symmetry of the center of the cluster and the iron sites, respectively, theory and experiments are in reasonable good agreement.
Introduction
Recently we have published experimental results of Mössbauer and ESR investigations of Clostridium pasteurianum ferredoxin. On this basis a qualitative physical model of a two-cluster ferredoxin was pro posed which explains the unexpected magnetic be haviour of oxidized ferredoxin (Fdox) and of re duced ferredoxin (Fdred)1,2-Fdox exhibits no paramagnetic resonance at 4.2 K. From the low temperature Mössbauer spectrum of Fdox it was concluded that the high spin iron (III) atoms in each (iron)4-sulfur cluster are coupled to result in a spin S = 0. Line broadening and the appearance of at least two partly resolved quadrupole doublets indicate that the iron atoms are not exactly equi valent with regard to their local symmetry. On re duction each cluster takes up one electron giving rise to an effective spin 5 = 1/2. Spin-spin coupling of the two clusters removes the degeneracy of the total spin 5 = 1 and prevents the appearance of a magnetic hyperfine splitting at 4.2 K. This mecha nism is also responsible for the ESR signals as obRequests for reprints should be sent to Dr. H. Eicher, Physik-Department, Technische Universität München, D-8046 Garching bei München. tained in a magnetic field of 0.35 T. The effect of this small cluster-cluster coupling is cancelled out by the Zeeman interaction of an applied magnetic field H Pxt > 1 T. In this case the spectral features of clusters with an effective spin 5 = 1 /2 are ob served.
At the same time Mössbauer experiments on Clostridium pasteurianum ferredoxin were per formed by Thompson et al. 3 . The results of these authors are in good agreement with the data pub lished by u s1; 2. The interpretation of the Möss bauer spectra, however, has been based on different assumptions. Thompson et al. 3 discuss the experimental spec tra with respect to two models of the (iron)4-sulfur clusters. On the one hand they assume four F e (III) atoms antiferromagnetically coupled in Fdox to yield a non-magnetic state; on the other hand they propose two F e (III) and two Fe(II) atoms anti ferromagnetically coupled, this would also yield a non-magnetic oxidized state. On reduction one elec tron is accepted from each cluster, so that one F e (III) atom changes to Fe(II) yielding 5 = 1 /2 for Fdred . The authors of reference3 emphasize that the observed quadrupole splittings and chemical shifts of Fdox are significantly greater than those expected for Fe (III) atoms and that no experimen tal evidence is given for separate F e(III) and Fe(II) spectra of Fdox and in the high temperature spectra of Fdre, i.
From the absence of separate Mössbauer patterns for F e (III) and F e(II) atoms it was concluded in reference1-2 that the transferred electrons should not be attributed to any particular iron site. The behaviour of the four iron atoms of the cluster has to be described by a wave function common to the outer electrons of all cluster atoms. This cluster orbital wave function has a non-magnetic singlet state for Fdox and a magnetic Kramers doublet for Fdred. It is the purpose of this paper to develope this theoretical approach in detail and to apply it to the experimental results, especially to our pub lished spectra of Fdred obtained at 4.2 K in an ex ternal field of 2 T. The calculations are based on the symmetry properties of the cluster orbital wave function and its invariance under itime reversal.
In its present state the theory does not treat cases which are characterized by a cluster-cluster inter action comparable to the Zeeman interaction of the applied magnetic field (i. e. cases of rather weak external fields). In agreement with ESR measure ments we further assume that spin-lattice relaxation processes do not contribute significantly to the Möss bauer spectrum at 4.2 K in an external field.
The Ham iltonian
The steric arrangement of the atoms in one (iron) 4-sulfur cluster is shown in Fig. 1 . The struc ture is based on the X-ray analysis of oxidized fer redoxin from Peptococcus aerogenes 4i 5 which is as sumed to be closely related to the ferredoxin from Clostridium pasteurianum under investigation here. The four iron and the four so-called acid-labile sulfur atoms alternately occupy the corners of a cube. Actually the cube is not perfect but slightly distorted. In addition each iron atom is co-ordinated along the diagonal of the cube to a sulfur atom of a cysteine residue of the protein moiety. In a first approximation, the centre of a cluster has the point symmetry T,j and the four iron atoms have nearly trigonal point symmetry. In this approximation the four iron sites are assumed to be equivalent and the distortion of the cube has been neglected.
The energy levels of the cluster electrons are almost entirely determined by Coulomb and spin- orbit interaotions. The interaction with an external magnetic field and the hyperfine interaction are considerably smaller and may be treated as per turbations. The corresponding Hamiltonian of these two perturbations is given by *
The first term represents the Zeeman interaction of the cluster electrons with an external magnetic field H,>xt, the second term describes the magnetic dipole hyperfine interaction and the third term the electric quadrupole hyperfine interaction between the cluster electrons and the appropriate nuclear moments; the last term relates to the direct Zeeman coupling of Hex t with the nuclear magnetic dipole moments. rank tensor 'J <1) operate on the electronic part of the system. S eff operates on the center of the cluster wave function. Thus the cubic symmetry T,i has to be taken inito account here. On the other hand J fl) is connected with the hyperfine interaction of the cluster orbital wave function and the nuclear dipole moment of one individual iron nucleus. The appro priate point symmetry of this interaction is C3V ac cording to the trigonal symmetry of the iron site. X (1> acts on the nuclear wave function. The nuclear matrix element to be evaluated is 7
Finally, the quadrupole coupling constant Pzz is
given by e Q (l -R) Vzz/4> I (2 I -1), where the threefold symmetry axis of an iron atom along the diagonal of the cube is chosen to be the 2-axis.
Oxidized Ferredoxin
Because ferredoxin shows no ESR signal in the oxidized state2, the eigenfunctions xpv of the dis torted cube are singlets, indicating that each Fdox cluster contains an even number of electrons. In this case only the last two terms of the Hamiltonian (1) contribute to the hyperfine spectrum of the iron atoms, because the non-degenerate eigen functions ipv of the cluster are invariant unter time reversal. Accordingly, the relevant matrix elements ( if J S eff | xpv ) and ( ipv \JW\ifv) vanish. It is worthwhile to note that the invariance under time reversal would be violated by an external magnetic field in the second-order approximation. However, the interaction energy g ß 0H ext ( « 1 0 cm-1 for //ext = 10 T) is certainly small when compared to the excitation energy of the cluster electrons. Thus no serious admixture of excited cluster states should take place which could affect the present calcula tions. In the absence of an external magnetic field only the third term of (1) 
ground state (I = 1/2 ) :
where the energies E u , E j 0> and the coefficients a,,x ? bv0 are functions of the angle #. We start the calculations using a fixed angle #. The energies of the eight hyperfine lines, neglecting the trivial iso mer shift are then
The intensities of these lines depend on the multi polarity (the 14.4 keV transition of 57Fe is almost a pure Ml radiation), the polarization and the direction k of the /-ray. According to Frauenfelder et al. 8, we get the required transition amplitude for Ml radiation from the matrix elements From Eqns (4) and (6 ) we obtain the following result
The coefficients AßV, B^v and C uv, still depending on the angle #, are given by
C ßV = \ a,u4 ^> 2 + 2 j/3 a "3 ^*'1 '
Setting /? = $ and a = 0, Eqn (8) defines the intensity of the hf-spectrum for a magnetic field applied parallel to the /-ray direction. The Möss bauer spectrum for an iron atom situated on a site having an angle $ between its z-axis and H ext can be simulated by a sum of Lorentzian lines according to the allowed hyperfine transitions. These lines are characterized by the same linewidth r exp which is a variable parameter and has to be adjusted to the experimental spectrum. The lines are centered at as calculated from Eqns (4) and (5) and have an area proportional to /"r ($) as defined by Eqns (8 ) and (9) . Iron sites with different angles # are present even in one molecule. Thus iron sites having angles # between 0 and ti will simultaneous ly be present in a polycrystalline sample. In order to simulate the spectrum for a sample with random ly oriented molecules one has to sum up the spectra of the various iron sites with different angle $ weighted by the statistical factor sin #.
Although it might at first sight appear natural to define the quantization axis z in Eqn (3) along the trigonal axis of the iron sites *, this would lead to problems in the evaluation of the intensities /",, for y-ray directions not parallel to the applied magnetic field. In addition it becomes difficult to take into * More generally, the z-axis in Eqn (3) defines that direc tion in which the asymmetry parameter i) of the quadrupole interaction becomes a minimum.
account the angular divergence of the "/-beam. The suitable quantization axis to be chosen for our numerical calculations is an axis parallel to the applied magnetic field. The appropriate transforma tion of the Hamiltonian (3) into this co-ordinate system is given in the Appendix. The problem of divergence of the beam of the 7-ray is also discussed there. Figure 2 shows the Mössbauer spectra of Fdox in an external magnetic field of 6 T calculated along the lines just described. The direction of the Mössbauer spectra of model compounds forming (iron)4-sulfur clusters have been published 9~n .
Using the parameters given in the caption to Fig. 1 of reference11 in our calculations yields a spectrum which is in agreement with the experimental data and the spectrum simulation published in refer ence u . Also in this case a positive electric field gradient is found.
Reduced Ferredoxin
ESR-data2 indicate that on reduction each (iron) 4-sulfur cluster of the ferredoxin gains one electron. The resulting odd number of electrons in each cluster together with the invariance under time reversal imply a twofold degeneracy of all un perturbed cluster eigenfunctions (Kramers-degeneracy). Therefore, an isolated cluster is expected to show magnetic speotra even in the absence of an external magnetic field at least at low temperatures. These have been found in the case of the oxidized Chromatium high-potential iron-sulfur protein where each molecule contains one (iron) 4-sulfur cluster with an odd number of electrons 12. The Clostridium pasteurianum ferredoxin, however, contains two (iron)4-sulfur clusters per molecule which interact weakly via spin-spin coupling and the overlap of the cluster orbitals in the reduced state 2. The struc tural unit for the wave function is then the twocluster system, rather than the isolated cluster. The representation of the total wave functions being still invariant under time reversal is thus the direct product of the two valued representations of the isolated clusters (Kramers-doublets). This then gives rise to non-degenerate eigenfunctions as in the case of oxidized ferredoxin. The necessary dominance of the cluster-cluster interaction over the small magnetic hyperfine interaction ( < 10~3 cm_1) is proven experimentally in reference2' 3 since no magnetic hyperfine spectrum could be observed in the absence of an applied field even at lowest tem peratures.
The invariance under time reversal is lifted in the presence of an external magnetic field provided that its interaction with the cluster wave function (first term of Eqn (1 )) is significantly greater than the cluster-cluster interaction. Throughout the re mainder of the paper we assume that the applied magnetic field is larger than 1 T which should render the cluster-cluster interaction to be negli gible. The wave function of the basic Kramersdoublet of each cluster can then be written in the form
By making use of the (nearly) trigonal point symmetry of an iron site, the required matrix ele ments of the magnetic hyperfine interaction as given by Eqn (1) can be related to two real parameters v.
and o which finally have to be adjusted to the ex perimental data.
( ± i T o 'l +) = +y-
The deviation from C3V symmetry which is ne glected here would lead to a complex parameter Q.
The first term of Eqn (1) At low temperatures (T = 4.2 K) the spin-lattice re laxation time becomes long compared to the pre cession time of the magnetic dipole moment of the 57Fe nuclei. Each Zeeman-level generates then a separate hf-spectrum. Eqn (1) shows that the quadrupole coupling and the direct interaction of the applied field with the nucleus are identical for both these spectra, while this is not true for the magnetic dipole interaction. In fact, one gets from Eqns (11) and ( 1 2 ) (
( 1 1 7 ( _Y 11 ) = -{ 2 1 7LVI 2 ) = + i e sin 0 .
* ESR measurements on Clostridium pasteurianum fer redoxin reduced only in one cluster led to g Zz = 2.05 and g x x = g y y = 1-922.
The nuclear matrix elements needed for the evaluation are given in Eqn (2) . The energies and intensities of the hf-spectrum of Fdre,i can now be calculated from the modified Hamiltonian along the lines described for oxidized ferredoxin. It should be pointed out that the intensities of the two "Zeemanlevel'" hf-spectra being superimposed in the experi mental Mössbauer spectrum must be weighted by the appropriate Boltzmann factor which is obtained from the Zeeman splitting energies in Eqn (12) . Thus, one expects a temperature dependence of the magnetic dipole interaction according to the chang ing population of the two Zeeman-levels.
Using this theory, we have performed least squares fit procedure to the experimental Mössbauer spectrum. A theoretical spectrum was first calcu lated as a function of four independent parameters. They were in addition to o and x the theoretical value of the counting rate at v -oo and a normali zation factor for the overall absorption depth. This factor includes the /-factors of the source and the absorber, the thickness of the absorber and the non resonant background in the gamma energy window around 14.4 keV. These four parameters were varied until a theoretical spectrum could be ob tained which, according to least squares fit criteria, gave the best agreement with the experimental data. As fixed parameter we used in the calculation the quadrupole interaction of 1/2 e2 q Q j = 1.54 mm/s derived from spectra at 4.2 K without an external magnetic field1_3. Again, both a positive and a negative electric field gradient have been assumed in separate fits. Another fixed parameter is the effective width r^{ of the Lorentzian resonance lines which again includes inherently the line broadenings brought about from the magnetic stray-field acting on the source and from the slight inequivalence of the quadrupole interaction at the various iron sites. In our experiments a source of 57Co in Rh has been used which gives only a moderate line broadening at H ext = 2 T, although the source was directly mounted on top of the absorber. In the fits a uni form value of -7^eff = 1.1 mm/s has been used.
Strictly speaking, one has to take into account also polarization effects arising from the external magnetic field acting both on source and ab sorber 14. We estimate the resulting line distortion to be negligible in first order in connection with the CofRh) source and the moderately low field used in the experiment.
In order to reduce the computer time needed for the calculation of each theoretical spectrum in the least squares procedure the following simplification has been used. For any single set of parameters we first calculated the transition energies Euv for a specific angle #. The total energy scale of the Möss bauer spectrum ranging ± 25 mm/s was subsequent ly divided into energy channels of constant width of 0.05 mm/s. The intensities I in,(#) were then as signed to the corresponding channels. This proce dure is then repeated for the next angle # in steps of Ad = 2° between t) = 0 and
=
The sum mation of the intensities /,",(#) with the appro priate statistical weight yields the total intensities /, for the different channels. Normalization then gives
i
Intensities below a certain value / = 0.001 are set identical to zero. The next step is then to center at each channel a Lorentzian with a half width of r eff and an intensity of / . The summation of these Lorentzians along the lines explained above for the case of Fdox then gives the theoretical spectrum for any set of variable parameters.
In Fig. 3 such least squares fits to the Mössbauer spectrum of Fdre(] measured at 4.2 K and in an external field of H ext = 2 T parallel to the direction of 7-ray propagation are shown. Both, a positive (Fig. 3 a) and a negative electric field gradient q have been assumed. Again < 7 > 0 gives a sightly more favourable fit, although in neither case the agree ment is perfect due to the simplifications outlined above. The fit of Fig. 3 a yields 
In order to discuss the physical significance of these parameters we remind ourselves that the hyperfine interaction at the iron nuclei can be interpreted as arising from the sum of two effective but not parallel magnetic fields generated by the Zeeman levels of the Fdre,i groundstate. Each effective inter action may be written as:
where n refers to the two Zeeman levels. From the definition of the magnetic hf-interaction in Eqn (1) we find from Eqn (13) ( 1 1 Fig. 1 ), the iron sites in each cluster would have tetrahedral point symmetry. In this isotropic case the relation Q= -]/2x would hold and the two magnetic hyperfine fields are parallel, respectively antiparallel to the applied field direction. The values of x and Q as returned from the fit, however, show that the isotropic case is not a good approximation and that the lower trigonal point symmetry for the iron sites has definitely to be taken into account. for the magnetic parameters x. and o quoted above are roughly the same as in the case of the 2 T spectrum. This proves our original assumption that each cluster interacts independently with H nt for Hext^l T . The energy separation of the two Zee man levels will be proportional to //,,xt. A relaxa tion process between these levels then has to depend strongly on the size of H,.xt. The fact that the values of the parameters x and Q do not change significant ly between 1 T5^//PXt 5^ 2 T indicates, that such relaxation processes are not significant at tempera tures as low as 4.2 K. Finally, using the formalism of transformation of quantization axes given in the Appendix we have simulated some Mössbauer spectra of Fdre,i at 4.2 K with the external magnetic field acting perpendicular to the direction of the 7-ray beam. The magnetic parameters Q and x were fixed to the values returned by the fit shown in Fig. 3 a. Data for Fdre(] in a perpendicular-external field have been reported by Thompson et al. 3 . A comparison with their data shows, that our cal culated spectra cover the same velocity range but have a considerably better resolved structure. This discrepancy exists over the whole range of external field strength up to 6 T. It can easily arise from the before-mentioned neglect of the slight site dif ference of the four cluster irons which lifts their Cav point symmetry. As discussed above, such a perturbation of trigonal symmetry implies that Q becomes a complex number, thus increasing the number of magnetic fit parameters to three. In ad dition one has then to perform the angular average not only with respect to & but also for the angle <p. This means a considerable increase in computational time and thus has not been carried out.
Concluding Remarks
The theory and fitting procedure described thus far gives results in reasonable agreement with the experimental data on Fdox and Fdre(j . In particular it could be shown that the magnetic interactions are consistent with both the known structural arrange ment of the iron atoms in the cluster and the as sumption of highly delocalized electrons which have to be described by cluster orbital wave functions. Some improvements on the present calculating routine can be made and are presently being car ried out. Instead of the sum of Lorentzians used to generate the theoretical spectra it is more favorable to employ a procedure based on the full transmis sion integral13. Such a calculation is a marked improvement especially for the determination of the intensities of closely overlapping resonance lines. In addition this program lends itself to an inclusion of the already mentioned polarization effects arising from the action of the external magnetic field on the source nuclei. This correction is important for high field measurements which show considerably more detailed structure (see for example Fig. 4 of  reference3) . Along this line new experiments are being performed using a very strong 57Co in Rh source situated further away from the field gener ated by the superconducting solenoid.
The intensities 1 of the hf-lines can directly be computed from the general formula (8 ) . However, the coefficients A/Ir, Blir, C/tv are to be obtained by -the modified Hamiltonian (A 6 ) and ß is now the angle between the y-ray and the direction of the applied magnetic field. No physical significance is attached to the angle a for unpolarized radiation; one therefore averages the intensity I,tv with respect to a and has:
( Kv )a = l f 2 n j l uvd a .
( A 9) o This leads to
